Genetic linkage and association studies define chromosomal regions, quantitative trait loci (QTLs), which influence the phenotype of polygenic diseases. Here, we describe a global approach to determine intergenomic consensus of those regions in order to fine map QTLs and select particularly promising candidate genes for disease susceptibility or other polygenic traits. Exemplarily, human multiple sclerosis (MS) susceptibility regions were compared for sequence similarity with mouse and rat QTLs in its animal model experimental allergic encephalomyelitis (EAE). The number of intergenomic MS/EAE consensus genes (295) is significantly higher than expected if the animal model was unrelated to the human disease. Hence, this approach contributes to the empirical evaluation of animal models for their applicability to the study of human diseases.
Introduction
Genetic linkage analyses on individuals suffering from a polygenic disease and their relatives help to identify chromosomal regions responsible for susceptibility and for particular traits of the disease (quantitative trait loci, QTLs). Such analyses have proven successful to identify genes and pathways determining the pathogenesis. 1 The process of reducing a previously determined QTL is referred to as fine mapping. Unfortunately, classical approaches for fine-mapping are time and cost intensive and experimentally complex. 2 In order to save resources, other techniques are used to direct the analysis of larger QTLs, for example, global analysis of single-nucleotide polymorphisms (SNPs), 3 large scale sequencing and gene expression profiling. 1 The latter point to genes that are differentially expressed in diseased animals, thus setting preferences among candidate genes within a QTL. This has been performed recently 4 for the mouse experimental autoimmune encephalomyelitis (EAE). EAE is recognized as the best animal model for multiple sclerosis (MS), one of the most common human neurological diseases. Both are subject of the present study.
Intergenomic approaches have focused mainly on phylogeny, 5 genetic transfer, 6 gene functionality 7 and the prediction of genes or regulatory regions. 8 Here, we introduce an in silico approach for a genome-wide search of loci and genes that presumably affect the phenotype of polygenic traits shared by multiple species.
QTL mapping efforts have been performed independently for several species for the same traits. If the animal models are driven by the same genetic mechanisms as those for the human diseases, we should expect to find common conserved sequences shared by QTLs and susceptibility regions of all three organisms. Genes in those shared sequences are best candidates to be relevant for the onset and/or further development of the disease. Barton et al 9 evidenced this as they identified a new susceptibility region for rheumatoid arthritis supported by syntenic correspondence to QTLs of an animal model. Xu et al 10 identified by the same principle new susceptibility regions associated with MS and syntenic to QTLs of different experimental autoimmune diseases in the rat. Here, we expand that prospective approach to a systematic retrospective comparison of the human disease with combined information from multiple animal models and different species at a genome-wide scale to fine map already known susceptibility regions, and provide an estimation of the validity of those models for the human disease.
Results

Fine mapping
QTLs involved in rat EAE extend over a total size of 200 Mbp. They were scanned for synteny with the mouse genome on the basis of a minimum of 90% sequence similarity. The EnsEMBL 'compara' database yielded 46 000 syntenic DNA segments with sizes ranging between 100 bp and 150 kbp. Those segments were merged (see Materials and methods) into 29 000 sequences. Of these sequences, 11 300 were located within EAE QTLs of the mouse and extended over 5.3 Mbp.
The subsequent scan of the human genome for syntenic regions with at least 60% similarity with the aforementioned 11 300 chromosomal regions in mouse EAE QTLs yielded 10 900 smaller DNA fragments, which were merged into 4200 larger DNA sequences. A total of 1600 comprised genes that had been previously described as candidates for the human MS or were located in regions predisposing to MS. Those sequences constitute 14 major consensus regions (Table 1) distributed over five chromosomes (1, 5, 6, 17 and 18) and spanning over 1.2 Mbp (Figure 1 ).
In the first step, the consensuses between rodents reduce the size of QTLs associated with EAE by 97.4% for the rat (from 200 to 5.3 Mbp) and by 99.2% for the mouse (from 630 to 5.3 Mbp). These rodent consensuses are reduced again in the second step to those shared additionally by human MS susceptibility regions. Only 22.6% of the previous rodent consensus (from 5.3 to 1.2 Mbp) passes this filter. The human MS susceptibility regions considered in this study are thus reduced by 99.8% (from 790 to 1.2 Mbp) at the end of the process.
More strictly, if we consider only those regions affected by consensuses, the reduction is 98.8% for human susceptibility loci (from 100 to 1.2 Mbp).
Consensus genes
A total of 242 genes are mapped completely or partially inside the consensus regions. Additionally, we searched for further common genes by means of pair-wise gene homology (see methods). A total of 251 genes were found in this way; 198 of them are shared with the former set. A total of 44 genes are found exclusively by means of synteny search and 53 genes only by homology search. The combination of both sets of genes features a total of 295 particularly interesting candidate genes valid for all three species (Supplementary Table 1 ). Those genes with evidence for association with MS have been highlighted in Table 1 .
The aforementioned reduction of susceptibility regions affected by consensuses can also be expressed in terms of genes. In the human, the 14 consensuses reduce the original number of candidate genes by 76.5% (from 1257 to 295 genes) with local values ranging from 16.4% (first affected susceptibility region in chromosome 17) to 89% (last two affected susceptibility loci in chromosome 17). The localization of the consensuses is indicated in the first column as cytogenetic band and in the second column physically in Mbp. The following columns indicate references for the corresponding association analysis studies in human and previously described susceptibility genes included in that region (reference to the literature list in brackets), respectively. Note: for the MHC locus in chromosome 6, only a selection of references with nonfully overlapping susceptibility regions has been included in the table.
Intergenomic consensus in multiple sclerosis P Serrano-Fernández et al Validation A permutation test on randomized QTL locations showed that the aforementioned correspondence between EAE QTLs and MS susceptibility loci is not the product of chance. The observed number of genes in consensus surpasses the 97th quantile of the random distribution both for the search based on synteny (242 observed genes 497% threshold: 212 genes) and for the Intergenomic consensus in multiple sclerosis P Serrano-Fernández et al search based on gene homology (251 observed genes 497% threshold: 244 genes). Thus, the overlap between EAE QTLs and MS susceptibility loci is significantly greater than expected by chance (1000 permutations, Po0.03).
Discussion
This in silico approach proved to be valuable for fine mapping large disease-associated regions. Applied to MS/EAE, susceptibility loci were reduced to smaller consensuses shared among all analysed species. New insights are gathered for the prioritization of candidate genes.
Segregation of susceptibility loci
Different studies in human, mouse and rat have repeatedly identified the MHC locus as associated with MS/EAE. QTLs here are therefore mostly overlapping and it is difficult to segregate them into independent regions. Reading Figure 1a from right to left, two MS susceptibility loci overlap partially with the MHC locus in the shorter arm of chromosome 6 in the human and chromosome 17 of the mouse. However, the consensuses within are segregated to different QTLs of the rat, even in different chromosomes (9 and 20) . That result confirms that, despite the close neighbourhood, the mentioned susceptibility loci harbour at least to independent regions. Similarly, the large rat QTL EAE3 in chromosome 10 ( Figure 1b) is very likely to contain several independent loci. The consensuses in this particular QTL segregate into three nonoverlapping mouse QTLs and five independent human susceptibility loci located even in different chromosomes (5 and 17) . In fact, all described consensuses are torn apart into distinct QTLs or susceptibility loci in at least one of the three species. This strongly suggests that those consensuses are independent from each other; each of them is probably including at least one gene influencing the disease.
MHC consensus
The linkage between the MHC locus and MS or EAE has been extensively discussed in literature 11 and indeed here it stands out with 81 consensus genes.
Although controversial, TAP2 is proposed by some authors as a contributor to MS susceptibility. 12 The NOTCH pathway is most probably involved in a limited remyelination process taking place during MS. 13 The complement 4 (C4A/B) is known to be involved in the demyelination process of MS.
14 A dysfunction of NEU1 gene may lead to neurological disorders. 15 PSMB8 and PSMB9 play a role in the aforementioned ubiquitinproteasome system. HSD17B8 dehydrogenates oestradiol, which has an EAE-protective influence. 16 RXRA, highly related to the RXRB identified here, contributes to the inhibition of IL12 production (see below). 17 Specific HLA-DMB, 18 HLA-DRA, 18 HLA-DQA 19 and HLA-DQB (HLA-DRB) 19 haplotypes are strongly linked to MS. BTNL2 is closely related to MOG; a highly immunogenic myelin protein, which can elicit chronic EAE. MOG is also a potent candidate autoantigen in MS, since it has several properties typical for autoantigens like (a) molecular mimicry, that is, sharing of epitopes with common infectious agents, 20 (b) determinant spreading 21 and (c) complement binding.
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Non-MHC consensus From 295 consensus genes, 214 are located outside of the MHC locus. Many of these fit known disease hypotheses.
In the consensus regions of chromosome 17 we find OMG, a potent inhibitor of neurit outgrowth in vitro 23 and NF1, which is associated to neurofibromatosis, a disease that appears to be linked to MS. 24 There is also strong evidence for PRKCA to be linked with MS.
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MAP2K6 activates MEF2, which plays a decisive role in the process of neurogenesis and mediates calciumdependent neuronal survival. 26 The calcium channel subunits CACNG 1, 4 and 5 may also be directly associated with the calcium-dependent neuronal survival, and are known to be additionally involved in several inherited human neurological disorders. 27 The ubiquitin-proteasome system has been shown to play an important role in axon degeneration.
28 PSMC5 and PSMD12, subunits of the proteasome (the latter is a regulatory one) and NM_022739, an ubiquitination regulatory factor, arise therefore as good candidates to mediate in that process. The expression of the ICAM2 receptor is enhanced in early brain lesions in MS, 29 which could be implicating ICAM2 as a candidate gene, analogously to ICAM1. 11 A further candidate is ACE, which is known to be upregulated in serum of MS patients 30 and believed to play a role in EAE inflammation. 31 Analogously, FALZ has also been found to be upregulated in neurodegenerative diseases. 32 GAS7, DLG4 and TRAF4 play an important role in neurit outgrowth 33 and neurogenesis, 34, 35 respectively. XAF1 and SSTR2 mediate in apoptosis processes. 36, 37 BLMH, SCO1 and SLC6A4 dysfunctions are associated with several neurological 38, 39 and psychiatric disorders, 40 respectively. Among the genes in the consensus region of chromosome 5, IL12 outstands as a proinflammatory cytokine already described as relevant to MS 41 and TCF7 and ITK also mediate in T-cell activity. 42, 43 RAB27 is an interesting candidate gene located in the small consensus of chromosome 18. It is involved in the Griscelli syndrome, which is characterized both by a neurological impairment and by an immunological dysfunction. 44 
Conclusions
Research on the animal model EAE is based on the assumption that at least some of the pathways responsible for susceptibility and/or the pathogenesis are shared by human MS. The analysis presented here statistically tested that assumption. Chromosomal regions predisposing to or modifying the phenotype of the pathology in the animal models and the susceptibility loci of the human disease share 295 genes. That is significantly more than expected in a context where similarities would have arisen simply by chance.
The search for intergenomic consensuses within disease-associated loci offers a systematic approach to objectively test the degree of similarity between a human disease and its animal model. It is directly applicable to fine map susceptibility loci in other diseases for which animal models are available and genetic association analyses have been performed (eg rheumatoid arthritis/ CIA, obesity). The potential of this in silico fine-mapping technique will further increase with the inclusion of additional species in the future.
Materials and methods
Data sources
A comprehensive QTL database for rodent EAE was created with data collected from public databases and some recent genetic linkage studies on EAE. The database was complemented with human MS predisposition loci assembled from recent genetic association studies. References to the original publications are shown for each marker in a database [http://rack2. pzr.uni-rostock.de/qtl/qtlview.php]. Genetic positions were standardized to physical positions with the help of a map conversion tool. 45 The boundaries of the susceptibility regions were defined by the original publications or to 1 Mbp on either side of the diseaseassociated peak marker.
Fine mapping
A second database, the EnsEMBL 'compara' version 16, 46 was used, which comprises information about syntenic chromosomal regions of different species. Starting from QTL regions for EAE in the rat genome, any sequence in the mouse with a similarity above a selectable percentage of its nucleotides is regarded as a syntenic region. That similarity threshold determines the restrictiveness of the reduction process. Overlapping sequences and sequences separated by gaps smaller than 1 kbp are merged in order to avoid redundancy and to reduce complexity, respectively. In the next step, the result is checked in the same way for consensuses in the human [http://rack2.pzr.uni-rostock.de/qtl/qtlview.php]. The number of genes in consensus regions is determined additionally on the basis of the EnsEMBL pair-wise gene homology, where similarity is based on the gene products.
Statistical methods
Consensuses may occur by chance with a certain probability. In order to determine that probability, we analyse the performance of a permutation test of the intergenomics QTL synteny tool on randomly located QTLs of the same size as the original ones. With an increasing number of iterations, the calculated distribution tends to fit the real random distribution. That distribution yields the probability of finding by chance a certain number of genes in consensuses. 47 Whenever the observed number of genes in consensuses is above the 95th percentile, it can be concluded that such a consensus size is reached or surpassed by chance in only five from 100 cases (ie Po0.05).
